A coupled volume-surface integral equation method is presented for analyzing arbitrarily shaped periodic structure of mixed dielectric and conducting objects. Free space periodic Green's function is used in the formulation of both integral equations. In the method of moments solution to the integral equations, the target is discretized using triangular patches for conducting surfaces and tetrahedral cells for dielectric volume. Ewald's method is used to accelerate the convergence of computing each element in the impedance matrix. Numerical results are presented to demonstrate the accuracy and efficiency of the technique.
I. Introduction
Electromagnetic analysis of periodic structures has a wide range of application. The spectral method of moments is a power tool in analyzing periodic structures [1] . To improve the flexibility in modeling various geometries, the Rao-Wilton-Gillison (RWG) [2] triangular discretization was reported in [3] . In this paper, the coupled volume-surface integral equation method [4] is presented for the electromagnetic wave scattering from arbitrarily shaped periodic structures composed of dielectrics and conducting objects. Free space periodic Green's function is used in the formulation of both integral equations. The triangular patches and tetrahedral elements are used to mesh the dielectric and conducting objects, respectively. The coupled integral equations are solved by the method of moments (MoM) [5] with surface RWG and volume SWG basis functions [6] discretization. To rapidly generate the impedance elements, Ewald's method [7] is used to speed the computation of the periodic Green function due to the fact that the periodic Green function, which is a summation of series, converges very slowly. The proposed technique can also be extensively applied to analyze the periodic structure consisted of inhomogeneous dielectric material and conducting body. Numerical results are presented to demonstrate the efficiency and accuracy of the proposed technique for analyzing the scattering problem of arbitrarily shaped periodic structure.
II. Theory and Formulation
Consider an arbitrarily shaped three-dimension (3-D) scatter as a unit cell of the periodic structure, which consists of inhomogeneous dielectric material and conducting body. The object is embedded in an isotropic homogeneous background medium with permittivity ε b and permeability µ b . The dielectric V region is assumed to have permeability µ b and complex dielectric constant ε = ε (r) − jσ (r) /ω, where ε (r) and σ (r) are permittivity and conductivity, at r. The incident wave induces volume current − → J V in the dielectric region V and surface current − → J S on the surface of conducting body S. Let the radiation from − → J S and
where
Green's function, and k b is the wavenumber for the background media. The surface integral equation is formed based on the boundary condition, which requires vanishing tangential component of total electric field
The volume integral equation is formed by writing the total electric field − → E in dielectric as the summation of the incident field − → E i and the scattered field, i.e.,
Since the polarization current is related to the total electric field by (2) and (3). In the implementation of this paper, − → D = ε − → E is used as the distribution function in the dielectric. The coupled integral equations are converted into matrix equations using MoM. In this work, the volume of dielectric material and surface of conducting body are discretized into tetrahedral elements and triangular patches, respectively. These elements are used because of their flexibility to model arbitrarily shaped 3-D object. In order to simplify the treatment of conductor-dielectric interface, it is required that the triangular patches coincide with the external faces of tetrahedrons. The surface and volume distribution functions are expanded in terms of 3-D vector basis function that was RWG basis function f S and SWG basis function f V , respectively. Using the volume basis function to test (2) and the surface basis function to test (3), the coupled-integral equations are converted into matrix equation system and then solved by an iterative solver.
Note that we have formulated the volume-surface integral equation for a unit cell.
To extend the formulation to analyze a periodic structure, the Green's function in (1) is substituted by free space periodic Green's function. The free space periodic Green's function for 2-D periodic arrays is given by
The term R mn represents the distance between the observation point at (x, y, z) and the periodic source points located in the z' plane. The quantities D x and D y represent the periodic spacing of the structure in the x and y directions, respectively. To efficiently evaluate the free space periodic Green's function, the Ewalds method is used. The Green's function in (4) is expressed as a sum of spectral and spatial series such that
G 1 and G 2 is given by
In (5) and (6), erfc(z) is the complementary error function and H is splitting parameter which is given as
III. Numerical Results
As shown in Fig.1 , a periodic structure with rectangular conducting patches on a dielectric substrate ε r is considered. The patch has dimensions 0.254cm and 1.35cm while the periodicities are D x = 0.76cm and D y = 1.52cm. The thickness of dielectric substrate is d = 0.5cm. The structure is discretized into 99 tetrahedron elements for dielectric substrate and 8 triangular elements for conducting patch with 254 unknowns.
The first comparison analysis is performed for the freestanding periodic structure (ε r = 1). The reflection coefficient for a plane wave normally incident on the structure is shown in Fig.2 . The reflection is seen to peak around 15GHz. As can be seen, the results obtained here are in good agreement with those of Chen [8] . Fig.3 gives the reflection coefficient for the same structure with dielectric substrate ε r = 2. The reflection is seen to peak around 12GHz. It can be found that the numerical results from this work agrees well with that calculated by the spectral method. 
IV. Conclusion
The couple volume-surface integral equation for electromagnetic scattering from arbitrarily shaped periodic structures is solved using the method of moments. The composite metallic and dielectric object is modeled with mixed triangular surface patch and the tetrahedral volume mesh. Numerical results are presented to demonstrate the accuracy of the proposed method. In the future, the approach presented is proposed to analyze the periodic structure composed of inhomogeneous dielectric material.
